Previous functional imaging studies that compared activity patterns in older and younger adults during nonlinguistic tasks found evidence for 2 phenomena: older participants usually show more pronounced task-related positive activity in the brain hemisphere that is not dominant for the task and less pronounced negative task-related activity in temporo-parietal and midline brain regions. The combined effects of these phenomena and the impact on word retrieval, however, have not yet been assessed. We used functional magnetic resonance imaging to explore task-related positive (active task Ͼ baseline) and negative activity (baseline Ͼ active task) during semantic and phonemic verbal fluency tasks. Increased right frontal positive activity during the semantic task and reduced negative activity in the right hemisphere during both tasks was associated with reduced performance in older subjects. No substantial relationship between changes in positive and negative activity was observed in the older participants, pointing toward 2 partially independent but potentially co-occurring processes. Underlying causes of the observed functional network inefficiency during word retrieval in older adults need to be determined in the future.
Introduction
Even though the aging brain suffers from a substantial loss of gray and white matter, overall, healthy aging is not associated with a dramatic decline of cognitive functions (Park and Reuter-Lorenz, 2009 ). With the increasing proportion of elderly persons worldwide, a growing interest in understanding the neural mechanisms allowing the aging brain to compensate for these structural losses has emerged. Modern imaging techniques like functional magnetic resonance imaging (fMRI) can help to unravel the mechanisms associated with healthy or pathological aging (for a review see Crosson et al., 2010) . However, even though a large number of studies used functional imaging techniques to compare activity patterns associated with memory, attentional, or perceptual processes in younger and older adults (Park and Reuter-Lorenz, 2009 ), very few studies so far have addressed language production mechanisms (Meinzer et al., 2009; Shafto et al., 2010; Sörös et al., 2009; Wierenga et al., 2008) . This is of interest as word retrieval deficits are frequently observed even in healthy older adults (Burke and Shafto, 2004) and constitute an early symptom of dementia (Henry et al., 2004) .
With regard to nonlinguistic functions, 2 phenomena have consistently been reported in functional imaging studies of cognitive aging when comparing groups of younger and older adults. First, across a wide range of cognitive or perceptual tasks, healthy older adults may show less focal task-related positive activity (i.e., when comparing a given active task with a baseline task; Cabeza, 2002; Davis et al., 2008) . In addition, there is frequently more pronounced activity in the hemisphere that is not dominant for the task, mostly in the prefrontal cortex. This has been described as the "hemispheric asymmetry reduction in older adults" (HAROLD; Cabeza, 2002) . The functional significance of additional activity in older people has been intensely debated, but in the majority of studies, it has been concluded that additional activity may represent an adaptive process of functional network reorganization, potentially to compensate for age-related structural brain deterioration (for review see Park and Reuter-Lorenz, 2009) .
Second, when comparing activity between a given active task and a baseline task, a set of brain regions in midline anterior and posterior regions and in lateral temporo-parietal cortices consistently show task-related negative activity (i.e., these areas are more active during rest than during the active task). These regions overlap with the so-called "default network of brain activity" that is active during resting state functional imaging studies (Buckner et al., 2008; Gusnard and Raichle, 2001; Raichle et al., 2001) . Rapid switching from the unconstrained default mode to a more constrained set of task-relevant areas may represent allocation of processing resources, as components of this network are suppressed during active tasks and activity in the 2 systems becomes strongly anticorrelated (e.g., Fox et al., 2009 ; see Buckner et al., 2008 for review) . In young adults, areas that show negative task-induced activity are functionally interconnected and their activity is modulated by task demands (Park et al., 2010; Persson et al., 2007) , such that more difficult tasks are associated with stronger negative activity. In healthy older adults, and more so in persons with Alzheimer's disease, reduced task-related negative activity, less interconnectivity, and less modulation by task demands have been observed (Andrews-Hanna et al., 2007; Grady et al., 2006; Park et al., 2010; Persson et al., 2007) . Moreover, reduced negative activity has been linked to impaired behavioral performance (Damoiseaux et al., 2008; Park et al., 2010; Persson et al., 2007) .
Recently, a growing interest in changes of the neural substrates supporting language functions in aging has emerged. Because many core aspects of language are strongly lateralized to the left hemisphere, they represent an ideal model to assess the role of nontask dominant brain activity. Behavioral and functional imaging research has shown that language production and comprehension may be affected to different degrees by aging (for review see Burke and Shafto, 2008; Wingfield and Grossman, 2006) . In particular, language production mechanisms are frequently impaired in old age, resulting in word retrieval failures and reduced verbal fluency (Burke and Shafto, 2004; Meinzer et al., 2009; Shafto et al., 2010) . Word retrieval problems are also among the earliest signs of dementia (Henry et al., 2004) .
With regard to the "hemispheric asymmetry reduction in older adults" (HAROLD) phenomenon and language functions, a slightly different picture emerged compared with previous studies in other cognitive domains: Integration of right frontal areas into a functional network may help to sustain performance in older adults, even during strongly left lateralized syntactic tasks (e.g., Tyler et al., 2010;  for review see Wingfield and Grossman, 2006) . By contrast, a recent study by Peelle et al. (2010) indicated that during difficult tasks, additional task positive activity in areas outside of the core network activated by younger adults might be inefficient and is associated with impaired performance and reduced functional network connectivity. In line with these findings, 2 recent studies on word retrieval demonstrated that additional nontask dominant positive activity in older adults might be detrimental to word retrieval. Wierenga et al. (2008) showed that right frontal activity in low performing adults during a naming task was negatively correlated with performance. In a second study, Meinzer et al. (2009) assessed semantic and phonemic verbal fluency using fMRI in a group of older German adults. Compared with a younger control group, increased right frontal activity was found only during the semantic task where the older group evidenced lower performance. In addition, increased right frontal activity was negatively correlated with performance in the older group.
With regard to task-related negative activity and language functions, several studies reported differences during semantic tasks between young adults and older adults who are healthy (Persson et al., 2004 (Persson et al., , 2007 and adults with Alzheimer's disease (Lustig et al., 2003 (Lustig et al., , 2004 McGeown et al., 2009) . Moreover, Persson et al. (2007) reported better task performance in older participants who showed a pattern of task-related negative activity that was more similar to that of a younger control group. However, previous studies have not assessed the functional impact of altered negative activity during language production tasks. Furthermore, patterns of positive and negative task-induced activity in older adults have rarely been assessed in the same participants. The latter is of particular importance, as attenuation of negative activity may be associated with increased rightfrontal activity in older participants (Persson et al., 2008) and changes in connectivity between "default network" regions and right prefrontal areas have been observed .
Thus, in the present study we used a similar semantic and phonemic fluency design as in our previous study (Meinzer et al., 2009 ). Both verbal fluency tasks have previously been used to assess frontally mediated language processes and functional imaging studies in younger adults consistently reported strongly left lateralized activity in dorsolateral frontal cortices (Costafreda et al., 2006) . Aims of the study were to: (1) replicate our previous findings in an English speaking sample; (2) to assess task-induced positive and negative activity in the same younger and older participants; (3) to assess whether differences in task-related positive and negative activity in the older participants are related to performance (i.e., word-retrieval performance during the 2 fluency tasks); and (4) to elucidate whether there is a relationship between changes in positive and negative activity in the older group.
Methods
The study was approved by the Institutional Review Board of the University of Florida and conducted in accordance with the Helsinki Declaration. Written informed consent was obtained from all participants prior to study inclusion.
Participants
Fourteen healthy older adults and 14 younger adults were recruited from the University of Florida and Gainesville, Florida communities (older group: 69.2 Ϯ 5.8 years, range 61-80; younger group: 24.6 Ϯ 4.4, range 19 -32). Groups were matched for gender (7 females and males in each group) and education (Table 1 ). All participants were native English speakers and strongly right-handed as determined by the Edinburgh Inventory (Oldfield, 1971) .
None of the participants had previous or current neurological or psychiatric conditions, cardiovascular disease, uncontrolled hypertension, or substance abuse as determined by a brief clinical interview and a standard health questionnaire. Additionally, all participants were screened with a brief cognitive test battery (Mini Mental State Examination [MMSE]; Folstein et al., 1975) and with the Beck Depression Inventory (BDI; Beck et al., 1996) . None of the participants reported subjective memory complaints in everyday life and no indicators of cognitive impairment were found during the cognitive screening (Mini Mental State Examination: all Ն 27/30 points both old/young: 29.1 Ϯ 0.9). All subjects scored within the normal range on the Beck Depression Inventory. Table 1 for details of the results) Additional neuropsychological testing was administered to all participants to ensure normal cognitive functions in old and young adults. The battery comprised the California Verbal Learning Test (CVLT-2; Delis et al., 2000) and the Digit Span subtest of the Wechsler Adult Intelligence Scale (WAIS-R; Wechsler, 1987) as objective tests of memory function. Additionally, executive functions of language and semantic processing (including confrontation naming) were assessed with the Boston Naming Test (BNT; Kaplan et al., 1983) , the Delis-Kaplan Executive Functions System (D-KEFS Verbal Fluency Tests; Delis et al., 2004) , the Test of Language Competence (TLC-E, Ambiguous Sentences subtest; Wiig and Secord, 1989) , and the Pyramids and Palm Trees Test (Howard and Patterson, 1992) . The tests were administered on a day before the magnetic resonance imaging (MRI) and the entire test battery took approximately 1 hour to administer.
Neuropsychological testing (see
Consistent with previous reports, the younger subjects performed better on 2 indexes of the CVLT (correct recall after 5 trials, short delay free recall) and the verbal fluency tests (D-KEFS); however, the latter were not statistically significant. When considering age corrected norms, the older group performed within normal age ranges on all CVLT indexes. No significant differences were found between the age groups on the Digit Span Test, which suggests a high level of functioning in our group of older adults. With respect to confrontation naming (Boston Naming Test) and semantic processing (Ambiguous Sentences, Pyramids and Palm trees) the groups performed equally well (see Table 1 ).
Experimental task and stimulus characteristics
Similar to our previous study (Meinzer et al., 2009) , 2 overt verbal fluency tasks were implemented to be performed in the scanner (semantic and phonemic fluency). Participants were told that they would see either different categories or different initial letters at the center of a video screen. Their task was to generate different exemplars for each respective category (semantic fluency) or words beginning with a particular letter (phonemic fluency). Repetitions were counted as incorrect. A total of 8 different cat- egories and letters were used (categories: body parts, types of music, clothing, insects, colors, spices, beverages, and criminal acts; letters: M, J, S, K, T, Q, P, and K). The fMRI task employed an externally paced paradigm and a temporal sparse-sampling technique (Hall et al., 1999) . Here, the overt verbal response was assessed in the scanner during an off-phase of data acquisition and the hemodynamic response was acquired after a short time delay to avoid artifacts due to the articulation process. This procedure has been shown to be well suited to assess overt naming and verbal fluency in the scanner in several previous studies of healthy older adults and patients with acquired language disorders after stroke (Meinzer et al., 2006 (Meinzer et al., , 2007 (Meinzer et al., , 2008 (Meinzer et al., , 2009 ). Moreover, it has been shown that paced compared with unpaced paradigms elicit more robust activity in frontal brain areas contributing to word retrieval and working memory (Basho et al., 2007) .
Stimuli were presented visually by an fMRI compatible projector and a system of mirrors via the Eloquence Functional Imaging System (Invivo Corporation, Gainesville, FL, USA) using E-Prime version 1 software (Psychology Software Tools, Inc., Pittsburgh, PA, USA). Each category and letter was presented for 3 seconds during which the participants were required to respond overtly (i.e., out loud) with 1 exemplar of the given category or a word beginning with the given letter. Afterward, the stimulus disappeared and was replaced by a black screen (2.53 seconds). The participants were instructed to say the word "pass" if they could not come up with a correct exemplar, to control for effects of motor cortex activity and hearing of their own voice. No overt responding was allowed after stimulus offset. A single whole-brain functional MR volume was acquired 0.27 seconds after stimulus offset (temporal sparse sampling). Verbal responses were transmitted from a microphone in the scanner to a speaker, and subsequently transcribed and analyzed.
Each condition was introduced on the visual display with a speech bubble (5.8 seconds). Then, the first trial for the presented condition was displayed (i.e., semantic or phonemic fluency, or the word "rest"). During scanning, both experimental conditions (category and phonemic fluency) were presented in alternating blocks of 10 consecutive trials (i.e., the same category/letter was repeated 10 times within each block; total block length 63.8 seconds). Additionally, complex baseline blocks (5 consecutive trials of saying the word "rest" aloud; block length 34.8 seconds) were interspersed between category and letter fluency blocks.
The 8 categories and letters were presented during a single scanning session on the same day split into 2 runs, with a short break in between runs (4 of the categories/ letters were presented during each run). The same categories and initial letters were used for all participants. The order of presentation (semantic vs. phonemic fluency) was counterbalanced among participants and the order of appearance of categories and letters was randomized within runs. Prior to the first scan, a training session outside of the scanner was performed to familiarize the participants with the experimental design. A different set of categories and letters was used for this training session.
fMRI set-up and acquisition parameters
Scanning was conducted at the McKnight Brain Institute of the University of Florida using a 3-Tesla Philips Achieva MR-System (Andover, MA, USA). Stimulus presentation, participant response, and scanning took place while the participants were lying in a supine position on the scanner gantry. The participants' head was stabilized with foam padding to minimize head movements.
For functional MRI scanning, a T2*-weighted Fast-Field Echo, Echo-Planar-Imaging (FFE-EPI) sequence utilizing a parallel scanning technique (SENSE) was used with the following parameters: TR ϭ 5.8 second; TA ϭ 2.53 second; TE ϭ 30 milliseconds; 38 transverse slices, interleaved acquisition, slice-thickness: 3 mm, no interslice gap; inplane resolution: 3 ϫ 3 mm; FOV: 240 ϫ 240 ϫ 114, acquisition matrix: 80 ϫ 79. A total of 240 functional, whole brain volumes were acquired during the 2 sessions (80 for each of the fluency tasks, 80 baseline volumes). Additionally, a high resolution (1 ϫ 1 ϫ 1 mm) anatomical image was acquired to facilitate normalization of individual images and to ensure that participants did not have gross anatomical abnormalities.
Functional MRI data analysis
Preprocessing of functional MRI data were performed using Statistical Parametric Mapping (SPM5, Wellcome Department of Imaging Neuroscience, London, UK). Preprocessing of data included correction for slice-time differences and spatial alignment to the first volume in the image series to adjust for head movements. Functional volumes were normalized to standard Montreal Neurological Institute (MNI) space using SPM5 default parameters (i.e., affine and nonlinear warping, trilinear interpolation) and smoothed with a Gaussian Kernel of 6 ϫ 6 ϫ 6 mm full-width-at-half-maximum. To generate individual statistical maps, data were modeled using a finite impulse response function (FIR, first order; Gaab et al., 2007) . The design matrix for the statistical analysis comprised the 3 covariates-of-interest (semantic and phonemic fluency trials, baseline trials) as well as covariates-of-no-interest (movement parameters obtained during realignment) to improve overall model fit to the empirical data and to reduce residual error variance. Regressors were entered in a session specific manner. The effects of the conditions were determined in a single statistical model at the first level to account for session specific effects (e.g., different noise levels). Before estimating the modeled regressors, a highpass filter with a cutoff period of 128 seconds was applied to the data. After estimation of the overall model for each participant, planned contrasts-of-interest were calculated.
These included separate comparisons of category and phonemic fluency runs with the baseline condition (i.e., positive task-related activity: semantic fluency Ͼ baseline, phonemic fluency Ͼ baseline) and the inverse contrasts (i.e., negative task-related activity: baseline Ͼ semantic fluency, baseline Ͼ phonemic fluency). All responses were included. For the group analysis, a random effect model was calculated that included the above-mentioned contrasts. Four different analyses were performed.
Within-group comparison positive and negative activity task-related activity
To assess patterns of positive and negative task-related activity, we compared the 2 experimental conditions with the baseline separately for each age group (positive activity). To assess task negative activity, the inverse contrast was calculated (baseline Ͼ experimental tasks). To ensure a meaningful comparison between task-related positive and negative activity, and between age groups, the highest corrected threshold was chosen for where there was at least 1 significant cluster found for each of the comparisons and age groups (voxel level p Ͻ 0.005, false discovery rate corrected, FDR; Genovese et al., 2002) . Only clusters that were significant at a corrected cluster threshold of p Ͻ 0.05 are reported.
Between-group comparisons of task-related positive and negative activity
To assess the impact of age on positive and negative activity we directly contrasted the activity obtained from analysis (1) (i.e., tasks Ͼ baseline; baseline Ͼ tasks) between the 2 groups. As reviewed in the introduction, previous studies have reported differences between older and younger subjects with regard to task-related positive and negative activity. Thus, it is conceivable that some areas that show positive/negative activity in 1 group could show the opposite trend in the other group, which may bias the comparison. Therefore, each comparison (2-sample t-tests) was inclusively masked by the respective pattern of positive/negative activity of each age group (e.g., the comparison of "positive activity old Ͼ young" was inclusively masked by the contrast "activity Ͼ baseline" in the old group to ensure that potential areas were indeed active in the old group). Group differences are reported at an FDRcorrected voxel threshold of p Ͻ 0.05 and a corrected cluster threshold of p Ͻ 0.05.
Correlations between performance and task-related positive and negative activity in differentially active areas in the older group
Significantly greater positive activity was only found in the older group, while significantly greater negative activity was only found in the younger group (please see results). To explore the functional relevance of these differences for the older group we performed a region-of-interest (ROI) analysis using these clusters of significant difference in activity. As in our previous study (Meinzer et al., 2009 ) we correlated average normalized (z-transformed) beta activity in the differentially active clusters (entire clusters) with the individual performance as obtained in the scanner for the 2 verbal fluency tasks. Specifically, these analyses allow us to assess how performance in the older group is affected by (1) increased positive activity in areas not active in the younger group, and (2) reduced negative activity of the older participants within the "normal" pattern of negative activity in the younger group.
Correlations between right frontal positive activity and negative activity
The final analysis aimed to explore whether increased activity in right frontal areas in the older group is coupled with the loss of negative activity. To this end, we correlated the individual subjects' degree of negative activity from the differentially active clusters that were correlated with behavior for each fluency task (Table 2 ) with the degree of positive activity in the 2 right hemisphere clusters active in the fluency-baseline contrast for each respective condition (i.e., semantic/phonemic fluency Ͼ baseline). (Please note: Activity from the fluency-baseline comparison was chosen as no differences in right frontal areas were found between the 2 groups during the phonemic task.)
Anatomic localization of significant voxels within clusters was conducted using the Talairach Daemon software (Lancaster et al., 2000) with the nearest gray matter option enabled. For presentation of the results, the data are superimposed on a standard brain template (Montreal Brain).
Results

Intrascanner performance during the verbal fluency tasks
Both groups produced significantly more exemplars during the semantic fluency task than during the phonemic fluency task (young/old: F(1,26) ϭ 32.9/49.2; p Ͻ 0.001). Consistent with the results of our previous study (Meinzer et al., 2009 ) the younger subjects produced significantly more correct category exemplars during the semantic fluency task than the older subjects (young: 73.9 Ϯ 2.5, old 71.56 Ϯ 1.5; F(1,26) ϭ 9.1; p ϭ 0.006). Even though the younger group on average produced more exemplars during the phonemic task, there was no statistically significant difference between the groups (young: 66.6 Ϯ 4.7, old: 64.3 Ϯ 3.6; F(1,26) ϭ 0.9; p ϭ 0.34). (Fig. 1 In line with our previous study, for both tasks the strongest activity clusters in the young group were found bilaterally in the medial superior frontal area (Brodman area [BA] 6) and the anterior rostral cingulate zone (BA 32).
fMRI results
Within group analysis of task-related positive
Lateral frontal activity for both tasks was strongly left lateralized and comprised several areas in the inferior and middle frontal gyri (see Fig. 1 and Supplementary Table 1 for details of peak activity patterns). Right hemisphere activity in the younger group during the semantic fluency task was limited to the precentral gyrus, the lingual and parahippocampal gyri, and the caudate nucleus. Only during the phonemic fluency task, an additional cluster in the right inferior frontal gyrus (BA 47) was found in the younger group.
Compared with the younger group, the older participants demonstrated a very similar pattern of activity during both fluency tasks, except for larger clusters in the bilateral medial frontal and lateral frontal lobes. Some additional areas that were not active or even showed negative activity in the younger group were found to be positively active in the older group (left superior and inferior parietal cortex, posterior cingulate gyrus). The older group showed activity in a similar area in the right inferior frontal gyrus (BA 47) as the young group during the phonemic task. In contrast, additional clusters in the right middle frontal gyrus (BA 46, semantic fluency) and superior and middle frontal gyri (BA 10, phonemic fluency) were only found in the older group.
Consistent with the literature on task-related negative activity during language and other cognitive tasks (Buckner et al., 2008 ) the younger participants showed extensive bilateral negative activity during both fluency tasks in anterior and posterior midline areas with peak activity in the medial frontal cortex and the precuneus. Additional clusters during the semantic task were found bilaterally in temporal and parietal areas (superior and middle temporal, supramarginal and angular gyri), the right parahippocampal gyrus and the right putamen. During the phonemic fluency task a very similar pattern emerged with peak activity in the superior and middle temporal gyri and the left and right parahippocampal gyrus.
Compared with the younger group, the older group had fewer clusters of negative activity and the extent of negative Note that no significant differences in positive activity were found for the phonemic fluency task even at p Ͻ 0.005 uncorrected. Bold indicates peak voxel in significant cluster; smoothness 9.6 ϫ 9.5 ϫ 10 mm, resel count positive activity: 1392.2 resels, resel ϭ 33.71, negative activity: 1394.0 resels, resel ϭ 33.67. Key: BA, Brodman area; Hemi, hemisphere; k, cluster extent (voxels); L, left; R, right; x/y/z, coordinates of peak voxels in significant clusters in Talairach space; Z, Z-value.
activity was greatly reduced. Task-related negative activity was limited to the 2 midline areas that also showed negative activity in the younger group and was centered in the posterior cingulate gyrus (semantic and phonemic task) and the pregenual medial frontal cortex (phonemic fluency only). Table 2 ) In line with our own previous study (Meinzer et al., 2009 ), group differences in task-related positive activity during the whole brain analysis were found only during the semantic fluency task. Moreover, more pronounced activity in the group comparison was only found in the old group and located exclusively in the right hemisphere. Three of these clusters were located in the right frontal cortex (medial, middle, and inferior frontal areas). Two additional clusters were found in the right posterior parietal lobe and the posterior cingulate gyrus. It is significant to note that some of these areas overlapped with clusters showing negative activity in the younger group. However, the difference between old and young participants cannot solely be explained by more pronounced negative activity in the younger group, because we inclusively masked the comparison with the positive activity pattern of the older group during the semantic task.
Between group comparison of task-related positive and negative activity (see
For both fluency tasks the group comparison revealed more pronounced negative activity only in the younger group. For the semantic task, 4 clusters in the right hemisphere showed more pronounced negative activity in the younger group with peak negative activity located in the postcentral/inferior parietal cortex, the middle temporal gyrus, the parahippocampal/lingual gyrus, and the precuneus (see Table 2 for details). Significantly stronger negative activity was substantiated in the younger group during the phonemic fluency task and located bilaterally in the posterior midline area (cingulate gyrus/precuneus), the left medial frontal and middle temporal gyrus, and 3 additional right hemisphere clusters (posterior superior/middle temporal gyrus, posterior cingulate gyrus, and the postcentral/ supramarginal gyrus).
Correlations between performance and task-related positive and negative activity in differentially active areas in the older group
To assess the functional significance of more pronounced right hemisphere activity we correlated activity in the differentially active areas (Table 2 ) with performance of the older group. For the semantic fluency task there were strong negative correlations between activity in 4 of the 5 differentially active clusters (postcentral gyrus/precuneus: r ϭ Ϫ0.65, p ϭ 0.011; medial/middle frontal gyrus: r ϭ Ϫ0.66, p ϭ 0.009; middle/inferior frontal gyrus: r ϭ Ϫ0.65, p ϭ ---------------------------------68 .----.-----.----.-----.----.-----.----. 1.5 0.5 0 0.5 1.5 2 medial/middle frontal gyrus (BA 6), r • -.66, p-.009* t 2 ~~~~;:~~:=~~~~~~~~~~~~~~
middle/Inferior frontal gyrus (BA 11), r• -.65, p• .010* I~ ~~I~~~~~~~~:::~~~~~~~~~~~~~ 3). That is, older participants with greater right hemis phere acti vity produced fewer category exemplars. The cluster in the posterior cingLtlate gyrus was not correlated with perfonnance (r = -0.05, p = 0.85).
For both fluency tasks the younger participants exhibited more negative activity than the older group. Tints, we correlated acti vity in these differentially active areas (Table 2) with performance in the older group to assess whether more pronounced negative acti vity in these areas in the o lder group is related to performance. Stated differently, we were interested in discovering whether a pattern that more closely resembles that of the younger participants is benefi cial to perforn1ance. Indeed, more pronounced negative acti vity in 2 of the 4 clusters predicted better performance in the older participants during the semantic task (right postcentral/inferior parietal gyrus: r = -0.67, p = 0.009; right precuneus/cingulate gyrus: r = -0.63, p = 0.01 5; see Fig. 4 ). The degree of negative acti vity in the remaining clusters was not correlated with performance (right parahippocal/lingual gyrus r = -0.27, p = 0.33; right middle temporal gyrus: r = -0.50, p = 0.064; please note that the marginally significant correlation for the middle temporal cluster was dri ven by an outlier; removing thi s data point reduced the correlation to r = -0.27, p = 0.36).
The degree of negative acti vity in the 2 differentially acti ve left hemisphere clusters during the phonemic task was not correlated with perfonnance (left medial frontal gyrus: r = -0.25, p = 0.37; left middle/superior temporal gyrus: r = -0.43, p = 0.11 9). On the other hand, strong postcentral/Inferior parietal gyrus (BA 3140), r • -.67, pa .009*
precuneuslclngulate gyrus (BA 7/31), r• -.63, pa .015 
Correlations between right frontal positive activity and negative activity
For the semantic task we found a weak positive correlation between activity in the right middle frontal gyrus ROI (BA 46, k = 2 11. peak 42/42116) and the 2 clusters in the postcentral/inferior parietal gyrus (r = 0.54, p = 0.043) and the precunues/cingulate gyrus (r = 0.54, p = 0.043). Thus, reduced negati ve activity in these 2 areas predicted the degree of positive activity in the right middle frontal gyrus (MFG) ROI. Positive activity in the right inferior frontal gyrus (IFG, BA 47, k = 207, peak voxel coordinates: 33/26/-4) was not correlated with the degree of negatjve activity in these 2 regions (r = 0.38/26, p = 0.18/0.27). The same correlation analyses were performed for the differentially active negati ve clusters during the phonemic task and right frontal positive activity during tlus task in the older group (superior/middle frontal gyrus and inferior frontal gyrus, see Supplementary Table 1) . No significant correlations were found.
Discussion
In the present study we used fMRI to assess task-related positive and negative activity in healthy younger and older participants during 2 verbal fluency tasks. The main findings can be summarized as follows. First, we replicated the main results of our previous study (Meinzer et al., 2009) tbat found more pronounced right frontal activity during the semantic task where performance was more affected by aging in a different sample of older adults who spoke a different language. Second, as in our previous study, more pronounced right fTontal activity during the semantic task was negatively correlated with performance. Third, we extended our analyses to explore the relationships between task-induced negative activity and performance i_ n the same participants . Here, we support the findin gs of previous studies tbat found reduced negative actjvity in the older group and its significant relationship with performance. Compared with previous studies that analyzed activity in predefined ROis (e.g., Persson et al., 2008) , we analyzed our data by assessing correlations within differentially activated areas between younger and older adults to elucidate the impact of these age related changes on performance. This approach is completely data driven and does not require any a priori assumption.
Fourth, we assessed whether there is a relationship between changes in task positive and negative activity in older participants. The fact that we only found weak correlations for the semantic fluency task, and no correlations during the ! 68 . Correlations between intrascanner performance (maximum 80 correct responses) during the phonemic task and the degree of negative activity in the older participants in areas that were differentially more deactivated in the younger group. The figure shows that older participants with more pronounced negative activity in these clusters performed better during the task (crosshairs on axial and sagittal intages illustrate the location of the respective clusters).
AU clusters are located in the right hemisphere. Uncorrected threshold p = 0.05; *refers to correlations that survived after correcting for moltiple comparisons
phonemic task, argues for 2 partially independent but potentially co-occurring processes in older adults. We wiiJ discuss each of these findings in more detai l below. With regard to positive activity, we fmmd a striki ngly similar pattern in younger and older native English speakers compared with our previous study with native German speakers (Meinzer et al., 2009) . We also supported the previous finding of more pronounced task-related positive activity in the older group, mainly in right fTontal brain areas during the semantic fluency task, where the o lder participants produced significantl y fewer words than the ymmger group. Also consistent with our previous study, this relatively increased frontal activity was correlated with reduced perfonnance. The replication of our previous findings using the san1e paradigm but across different languages strengthens the validity of our findings (Lieberman and Cunningham, 2009) .
Task performance was worse duri ng the phonemic compared with the semantic task in both groups. Even though ymmger adults produced more correct exemplars for the phonemic task, this difference was not significant. Relatively equivalent performance on this task in the older group was mirrored by a very similar pattern of task-related positive activity compared with the younger participants.
Again, this is consistent with our previous study (Meinzer et al., 2009 ) where we did not find activity differences in the left or right frontal cortex between groups for phonemic fluency. Rather, the more difficult (phonemic) task elicited right frontal activity (including the right IFG, BA 47) in both groups. Thus, increased right inferior frontal activity seems to be part of the normal brain response in younger adults and might be related to increased task difficulty and selection demands (Persson et al., 2008; Thompson-Schill et al., 1997) .
The present study extended our analyses to patterns of task-induced negative activity. Consistent with previous studies on task-induced negative activity during semantic processing, nonlanguage tasks and resting state fMRI or positron-emission tomography (PET) studies (see Buckner et al., 2008 for a comprehensive review) we showed clusters of negative activity mainly in anterior and posterior midline areas and temporo-parietal cortices bilaterally for both semantic and phonemic fluency tasks in the younger participants. Also in line with previous studies that compared older and younger adults (e.g., Park et al., 2010; Persson et al., 2007) , we found reduced negative activity in the core areas of the so-called default network (i.e., anterior medial frontal cortex; posterior cingulate gyrus/precuneus) for older compared with younger subjects and no additional negative activity in the remaining parts of the network that was deactivated by the younger participants.
This was further supported by direct statistical comparison of the 2 groups. In particular, during both fluency tasks the older group had reduced negative activity in several clusters. Most importantly, the degree of negative activity in 2 of the 4 clusters during the semantic task that showed less negative activity in the older group (1 overlapping with the core area of the default network in the precuneus, the other included the inferior parietal cortex) was negatively correlated with performance. Thus, in line with previous reports (Damoiseaux et al., 2008; Park et al., 2010; Persson et al., 2007) , older participants who had relatively more pronounced negative activity within the task-related negative activity network found in the younger adults actually performed better during the semantic fluency task. Essentially, the same pattern was found during the phonemic task. Here, 4 of the 6 differentially active negative clusters during the phonemic task were correlated with performance in the older group (i.e., the more negative activity, the more correct responses were generated). Noteworthy is the fact that these clusters which were correlated with performance were located in the right hemisphere. Thus, stronger negative activity in the nontask dominant right hemisphere resulted in better performance across both fluency tasks.
However, we need to caution the reader that some of the correlations we report in the present report would not have passed a more stringent level of significance (see for clusters that survived after correcting the correlations for multiple comparisons). However, our main finding that "older adults who recruit a network of neural resources similar to that recruited by younger adults perform better during the 2 tasks" is supported by similar findings in: (1) our own previous study that used the same paradigms (Meinzer et al., 2009) ; (2) a recent study on spatial working memory (Nagel et al., 2009) , showing that a "more youth like modulation of the BOLD (Blood Oxygen Level Dependency) signal was associated with higher levels of spatial working memory performance"; and, (3) a very recent quantitative meta-analysis on laterality patterns in old and young adults during functional imaging studies of perception, memory encoding, memory retrieval, and executive functions (Spreng et al., 2010) .
Interestingly, the main difference between the 2 age groups during the phonemic task, compared with the semantic task, was an even greater difference in the degree in negative task-induced activity (i.e., larger clusters and a greater number of differentially activated clusters in the younger group; see Table 2 ). This was found despite (1) the absence of statistically significant differences in performance and (2) major differences in positive activity. The most likely explanation for this observation is that negative activity became more negative with increased task demands in younger adults, whereas it was less modulated in older adults. Indeed, when comparing the easier semantic fluency task with the more difficult phonemic task in younger adults, clusters of negative activity were larger and peakvalues in clusters were higher (see Supplementary Table 2 for cluster sizes and z-values). Previously, it has been shown that older adults show less modulation of negative activity in response to increased task demands (Park et al., 2010; Persson et al., 2007) . In the older group, when comparing the degree of negative activity between the 2 tasks, only 1 additional cluster in the medial frontal cortex showed more negative activity during the more difficult phonemic task, suggesting less modulation of negative activity.
In line with task difficulty accounting for some of our findings, left inferior frontal areas have been implicated with the controlled selection and retrieval of items from memory stores across a variety of tasks in younger adults, and increased task demands result in more pronounced activity (Persson et al., 2008; Thompson-Schill et al., 1997) . Similar to our own study, left IFG activity has been found to be more widespread or reduced in older participants (Persson et al., 2008) , potentially indicative of impaired left frontal selection processes. By contrast, the right IFG has mainly been implicated with response inhibition (Aron and Poldrack, 2006) and has been shown to be selectively upregulated during nonlinguistic (Simmonds et al., 2008) and linguistic tasks (Goghari and MacDonald, 2009; Yang et al., 2009 ) in more demanding contexts even in younger adults. In our own study, upregulation of activity in right frontal control processes during the (easier) semantic task may thus reflect an ineffective means of compensating for impaired left-frontal selection processes in the older adults, resulting in reduced performance. During the more demanding phonemic task, both groups of participants showed a bilateral pattern of posterior IFG activity which was mirrored by decreased task performance compared with the semantic task. With regard to the cognitive mechanisms underlying the observed changes of activity in older adults: verbal fluency tasks comprise several linguistic and nonlinguistic cognitive processes, e.g., strategic search and retrieval from memory, response inhibition, or working memory related processes. In particular, the frontal lobes have been implicated with word retrieval processes and working memory during verbal fluency tasks (e.g., Costafreda et al., 2006) . The present study, however, was not designed to elucidate the contribution of these different cognitive processes. This would have required different types of control tasks (e.g., Birn et al., 2010) . In addition, even though the behavioral patterns during the 2 verbal fluency tasks in the present study are in line with previous behavioral studies, the paced design we used may have placed a greater emphasis on search and retrieval (executive/frontal functions). For example, Basho et al. (2007) directly compared the impact of paced and unpaced presentation of the stimuli during verbal fluency paradigms and found more pronounced activity during the paced paradigm in areas associated with sustained attention, motor planning, and response inhibition. Only recently, new fMRI paradigms that allow to assess overt verbal fluency in a more standard (unpaced) way have been developed (Birn et al., 2010) and our results should be replicated using such paradigms.
With regard to the relationship between positive and negative activity patterns, it has been shown that prefrontal task-related positive activity is coupled with default mode activity (e.g., Greicius et al., 2003) , thus raising the question of whether the loss of negative activity is associated with increased positive right frontal activity. One previous study (Persson et al., 2008) found that right increased frontal activity was correlated with decreased negative activity during a verb generation task; however, as they did not find an additional correlation with performance, the functional significance of these findings remains unclear. In our own study, we only found weak evidence for the coupling of the 2 phenomena, such that only during the semantic task 2 clusters (postcentral/inferior parietal gyrus and posterior cingulate/precuneus) were correlated with increased activity in the middle frontal gyrus in the older group. Activity in the right IFG was not correlated with the degree of negative activity loss and no correlations were found for the phonemic task. Thus, at least for the verbal fluency tasks we used, the 2 phenomena do not seem to be closely linked.
Indeed, recent studies reported that ␤-amyloid deposition in healthy older adults overlaps with core areas of the default network, and the degree of amyloid deposition is correlated with the loss of negative activity even in nondemented older adults Sperling et al., 2009) . Thus, decreased negative activity might be a physiological marker of early brain pathology in older adults, but may be relatively independent from structural impairment in prefrontal areas or from the impact of task difficulty. Thus, even though both phenomena may co-occur (as indicated by the weak association during the semantic task), most likely they represent different types of processes that are not causally related and may have different effects on performance. This is further supported by the fact that we found the loss of negative activity to be correlated with performance during the phonemic task, in the absence of increased frontal activity.
A note of caution needs to be made with respect to the interpretation of our results. Differences in functional activity between tasks or groups of participants mirror the behavioral performance during these tasks or participants. Thus, the pattern of activity cannot be interpreted as causing behavioral impairment, but rather as being the result of the behavioral performance in the scanner. Based on the present data we cannot make assumptions on the underlying causes of these changes, which would require additional information about gray and white matter integrity in our sample or the degree of amyloid deposition, which was not available in this study.
Many have speculated that changes in activity seen in advanced age are compensatory for age-related structural deterioration (e.g., see Park and Reuter-Lorenz, 2009 for review). In fact, activity seen in advanced age resembles that of (ostensibly) compensatory activity after stroke (for review see Crosson et al., 2007) . Although changes in negative activity have not been assessed in stroke patients with acquired language disorders (aphasia), our own results and those of other groups (Peelle et al., 2010; Tyler et al., 2010; Wierenga et al., 2008; Wingfield and Grossman, 2006) show striking similarities to patterns of language network reorganization found in aphasia patients for increased positive activity. For example, the literature on language comprehension in aphasia patients has demonstrated effective compensation by right fronto-temporal areas during language comprehension tasks for single words, while it seems to be less able to participate in complex tasks at the level of sentence comprehension (e.g., Crinion and Price, 2005) . Moreover, even though right frontal areas may contribute to improved word-retrieval (e.g., Crosson et al., 2009) , increased right frontal activity during language production tasks is usually associated with larger lesions in the left hemisphere and less favorable outcome (for review see Heiss and Thiel, 2006) .
In summary, we assessed task-related positive and negative task-related activity in older and younger adults. Even though expressed in different ways in the 2 fluency tasks, a consistent pattern emerged: older adults in general performed better when they had a pattern of brain activity similar to the younger group. This is not limited to right frontal positive activity, but also for the degree of negative activity. Thus, the functional integrity and efficient recruit-ment of the network used by younger adults seems to be necessary during highly demanding language production tasks. Furthermore, compensatory right frontal upregulation, or the loss of right sided negative activity, might be more detrimental to performance than during other types of linguistic or nonlinguistic tasks. The underlying causes of these changes in task-related patterns of functional activity need to be addressed in future studies.
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